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Development of an Enzyme-Linked Immunosorbent Assay for the
Analysis of the Thiocarbamate Herbicide Molinate

Shirley J. Gee, Toru Miyamoto,! Marvin H, Goodrow, Dan Buster, and Bruce D. Hammock*

The development of an enzyme-linked immunosorbent assay (ELISA) for the herbicide molinate (Ordram,
S-ethyl hexahydroazepine-1-carbothioate) is described. By a thiol replacement reaction of thiocarbamate
sulfones, several haptens were synthesized. These haptens were coupled to carrier proteins via mix-
ed-anhydride and diazotization procedures. Antibodies raised against these antigens were screened for
sensitivity and specificity for molinate. An assay is described with a limit of detectability of 3 ng/mL
that is specific for molinate with some cross-reactivity (15%) to molinate sulfone. Other thiocarbamate
pesticides had cross-reactivities of <1.4%. Propylene glycol, as a carrier solvent, interfered in the ELISA
at concentrations of 12.5% and greater, whereas acetonitrile had no effect at 12.5% but had increased
and then decreased absorbances relative to control at 5% and 25%, respectively. The half-lives of
molinate in a laboratory study as measured by liquid scintillation counting and ELISA were 2.6 and
2.2 days, respectively. Paired ¢ statistics on this data gave a significant correlation with 0.05 < p < 0.02.
Techniques allowing current sample preparation methods to be easily adapted for use with ELISA analysis

are also described.

Immunoassays have been used extensively in clinical
chemistry for the detection of hormones, peptides, pro-
teins, drugs, and microbes. However, their use in envi-
ronmental chemistry has been very limited until last year
when an increasing number of academic, governmental,
and industrial laboratories took note of their well-docu-
mented flexibility and advantages (Hammock and Mum-
ma, 1980; Hammock et al., 1987). All immunoassays are
physical assays based on the law of mass action but can
be delivered in a bewildering variety of forms. The en-
zyme-linked immunosorbent assay {ELISA) is a form that
has been found particularly applicable to the field of
pesticide chemistry (Van Emon et al., 1986; Kelley et al.,
1985; Newsome, 1986).

Molinate {Ordram, S-ethyl hexahydroazepine-1-carbo-
thioate; Patchett and Batchelder, 1967; Zweig, 1972) is an
excellent and selective herbicide, and the use of this or
other compounds of similar properties is considered critical
to profitable rice culture (Cornacchia et al., 1984). Fish
kills in rice water drainage canals have led to speculation
that molinate was not being dissipated as anticipated on
the basis of field studies. An unusually high level of mo-
linate in drainage canals also meant a potential for unac-
ceptable levels of molinate in local rivers (Ross and Sava,
1986; Cornacchia et al., 1984).

An ELISA was developed that is potentially a rapid and
inexpensive method for analyzing the large sample loads
generated in monitoring the field, drainage canals, and
rivers. Methods allowing this ELISA to be integrated with
classical GLC techniques to provide very sensitive assays
for comparison are also discussed.

MATERIALS AND METHODS

Chemicals. 3-Mercaptopropionic acid was purchased
from Evans Chemetics, Inc., and dodecacarbonyltriiron
from Morton Thiokol, Inc. (Alfa Products). The proteins
used in coupling and p-nitrophenyl phosphate substrate
were obtained from Sigma Chemical Co. Tween 20 was
from Biorad, Freund’s complete adjuvant was from Cal-
biochem, and the goat anti-rabbit IgG conjugated to al-
kaline phosphatase was from Miles Scientific. Molinate
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and the thiocarbamate compounds used in inhibition
studies were gifts from Stauffer Chemical Co. Thiobencarb
was a gift from Chevron Chemical Co. The other chemical
reagents were supplied by Aldrich Chemical Co. Analytical
TLC was performed on 0.25-mm precoated silica gel 60
F254 plastic sheets (EM Reagents). Compounds were
detected by UV light (254 nm), iodine vapor, and/or 0.5%
palladium chloride in diluted HCI (PdCl; reagent). Col-
umn chromatography was carried out on Baker silica gel
(60-200 mesh) or Baker silica gel for flash chromatography
(ca. 40-um diameter). The solvent systems are described
in the individual experiments. The purity of all com-
pounds was supported by TLC in several solvent systems.

IR spectra were determined with a Beckman Model 4240
or an IBM IR/32 FTIR spectrometer. !H NMR spectra
were measured with a Varian EM-390 90-MHz NMR
spectrophotometer using tetramethylsilane as an internal
standard. Low-resolution mass spectra (MS) and high-
resolution mass spectra (HRMS) were obtained on a VG
ZAB-2F with a VG 11-250 data system.

Synthesis of Haptens. Haptens were synthesized ac-
cording to Figure 1. Intermediate compounds were con-
firmed by 'H NMR and/or IR. Final haptens were
characterized more completely.

Molinate Sulfone (2). To 7.62 g (40.0 mmol) of molinate
(1) in 75 mL of CH,Cl, was added dropwise with stirring
19.0 g (88 mmol) of m-chloroperoxybenzoic acid (80-90%)
in 225 mL of CH,Cl, under ice cooling for 1.5 h. The
mixture was stirred overnight at room temperature after
adding 10.3 g of anhydrous KF [dried at 100 °C (0.5 torr)
for 1.5 h]. After filtration, the combined filtrate and
CH,Cl, wash was concentrated to provide 9.07 g (103%)
of molinate sulfone as an amber oil: TLC R/ 0.29 (hex-
ane-ethyl acetate, 4:1); 'H NMR (CDCl,) 6 1.39 (t,J = 7.3
Hz, 3 H, CH,), 1.7 (m, 8 H, ring CH,), 3.32 (q, J = 7.3 Hz,
2 H, CH,S0,), 3.51 (t,J = 5.1 Hz, 2 H, CH,N), 3.85 (t, J
= 6.0 Hz, 2 H, CH;N).

S-2-Carboxyethyl Hexahydroazepine-1-carbothioate
(3a). A mixture of 3.0 g (14 mmol) of 2, 1.2 g (11 mmol)
of 3-mercaptopropionic acid, and 4.4 g (44 mmol) of tri-
ethylamine in 80 mL of ethanol was stirred at room tem-
perature for 4 h. After removal of ethanol, the residue was
dissolved in ethyl acetate and the resultant mixture ex-
tracted three times with 25 mI each of 1 M NaOH solu-
tion. The combined basic extract was acidified with 1 M
HCI and extracted with four 30-ml. portions of ethyl
acetate. The combined organic extract was dried (Na,SO,)
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Figure 1. Route of synthesis for haptens of molinate: 1, molinate

~ (S-ethyl hexahydroazepine-1-carbothioate); 2, molinate sulfone;
3a, S-2-carboxyethyl hexahydroazepine-1-carbothioate; 3b, S-5-
carboxypentyl hexahydroazepine-1-carbothioate; 4, 2-(p-nitro-
phenyl)ethyl thioacetate; 5a, p-nitrobenzyl mercaptan; 5b, 2-(p-
nitrophenyl)ethanethiol; 6a, S-(p-nitrobenzyl) hexahydro-
azepine-1-carbothioate; 6b, S-2-(p-nitrophenyl)ethyl hexa-
hydroazepine-1-carbothioate; 7a, S-(p-aminobenzyl) hexahydro-
azepine-1-carbothioate; 7b, S-2-(p-aminophenyl)ethyl hexa-
hydroazepine-1-carbothioate.

and concentrated. The resulting syrup was subjected to
silica gel column chromatography using benzene—ethyl
acetate (1:1) as eluant to obtain 1.8 g (71%) of transparent
liquid 3a: IR (film) 3185-3020, 2650-2545, 1705, 1630,
1605, 1410 cm™; '"H NMR (CDCl;) 4 1.6 (br m, 8 H, ring
CH,), 2.71 (t, J = 6.3 Hz, 2 H, CH,), 3.11 (t, J = 7.0 Hz,
2 H, CH,), 3.5 (br m, 4 H, CH,N); MS (70 eV) m/z (relative
intensity) 231 (9, M*), 158 (3, M - CH,CH,COOH), 126
(100, M - SCH,CH,COOH), 105 (3, SCH,CH,COOH), 98
(19, M - COSCH,CH,COOH), 97 (7, C;H,NO), 55 (55,
C,HNO); HRMS for C,;H;NO;S, caled m/z 231.0929,
found.231.0947.

6-Mercaptohexanoic Acid. The acid was prepared ac-
cording to Minisci (1959) from 2.00 g (1.03 mmol) of 6-
bromohexanoic acid, 1.62 g (10.3 mmol) of Na;S;0;, 2 mL
of water, and 3 M NaOH (sufficient to attain pH 7) under
reflux for 1 h. The mixture was then acidified to pH 1 with
concentrated HCI and boiled for 3 h. After cooling, the
acid mixture was extracted with CH,Cl; (3 X 25 mL),
which on removal provided the acid as a colorless oil, 1.51
g (10.2 mmol, 99%), showing only two trace impurities on
TLC: R, 0.48 (THF-ethyl acetate-hexane, 2:13:35); 'H
NMR (C{DCla) 8131 (t,J = 7.8 Hz, 1 H, SH), 1.5 (m, 6
H, CH,), 2.32 (t,J = 6.8 Hz, 2 H, CHZCOOH) 2.5 (m, 2
H, CH,S), 10.4 (br m, 1 H, OH).

8-5-Carboxypentyl Hexahydroazepine-1-carbothioate
(3b). To a stirred solution of 2.30 g (10.5 mmol) of 2 and
40.4 g (40.0 mmol) of triethylamine in 40 mL of dry ethanol
was added 1.44 g (9.71 mmol) of 6-mercaptohexanoic acid
at room temperature. After 12 h, the solvent was removed
(rotovap) and the residual oil taken up in 75 mL of ether.
The ethereal solution was washed with 1 N HCI and then
extracted with 1 N NaOH. The basic layer was acidified
to pH 1 with 6 N HCI and extracted with CHCl; (3 X 20
mL). Concentration of the combined CHCI, layers gave
a yellow oil that was subjected to flash chromatography
on 150 g of silica gel, being eluted with hexane-ethyl
acetate (2:1). Combination of the fractions showing only
one component on TLC [R; 0.39 (THF-ethyl acetate-
hexane, 2:13:35)) provided 1. OO g (85%) of 3b as a white
solid: mp 58.0-59.0 °C; IR (KBr) 1712 (vs, C==0), 1641
(vs, C=0) cm™; 'H NMR (CDCl;) 6 1.6 (m, 14 H, CH,),
2.32 (t,J = 6.6 Hz, 2 H, CH,COOH), 2.85 (t, J = 6.8 Hz,
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2 H, CH,8), 3.4 (m, 4 H, CH;N), 9.6 (br, 1 H, OH); MS
(70 eV) m/z (relative’ 1ntenslty) 273 (11, M*), 126 [98, M
- S(CH,);COOH], 98 [29, M —~ COS(CH,);COOH], 97 (17,
Cs:H,NO), 83 (53, C,H;NO), 69 (45, C;H,NO), 55 (100,
C,HNO).

p-Nitrobenzyl Mercaptan (5a). A solution of 10.8 g
(50.0 mmol) of p-nitrobenzyl bromide and 5.0 g (67 mmol)
of thiourea in 25 mL of water was heated under reflux for
2 h and cooled in ice, and the salt was collected and dried
(13.1 g, 83%). The isothiouronium salt was decomposed
by boiling several times with concentrated ammonia and
hexane. Concentration of the combined hexane extracts
provided 6.33 g (75%) of the mercaptan 5a, mp 52-54 °C
[lit. (Saville, 1960) mp 51-52 °C].

S-(p-Nitrobenzyl) Hexahydroazepine-1-carbothioate
(6a). To 2.19 g (10.0 mmol) of 2 and 3.33 g (33.3 mmol)
of triethylamine in 50 mL of absolute ethanol under N,
was added 1.77 g (10.5 mmol) of p-nitrobenzyl mercaptan
(5a), while noting a 6 °C temperature increase. The
mixture was stirred overnight and concentrated at reduced
pressure. The residue was taken up in 100 mL of ethyl
acetate and washed successively with 1 M NaOH (2 x 25
mL), 1 M HCI (2 X 25 mL), and saturated NaCl (3 X 25
mL). Removal of the solvent at reduced pressure provided
6a as an amber, viscous oil that finally solidified: TLC R,
0.67 (THF—-ethyl acetate—hexane, 2:13:35); 'TH NMR (CD-
Cly) § 1.6 (m, 8 H, ring CH,), 3.38 (t, J = 5 Hz, 2 H, CH,N),
3.50 (t, J = 5 Hz, 2 H, CH,N), 4.15 (s, 2 H, CHZS), 7.45
(d, J = 8.7 Hz, 2 H, aromatic), 8.08 (d, J = 8.7 Hz, 2 H,
aromatic).

S-Aminobenzyl Hexahydroazepine-1-carbothioate (7a).
In a N, atmosphere and with vigorous stirring, 3.0 g (5.7
mmol) of dodecacarbonyltriiron (95% containing 5-10%
methanol), 1.25 mL of anhydrous methanol, 1.47 g (5.00
mmol) of 6a, and 50 mL of dry benzene were heated under
reflux for 10 h. The mixture was filtered and the filtrate
washed with 1 N HCI (2 X 20 mL) and then made basic
to pH 10 with 3 N NaOH. This solution was extracted
with CHCl; (4 X 25 mL); the extracts were combined and
concentrated to provide a red-brown, viscous oil that, on
TLC, was found to contain five trace-amount impurities.

The 1.07 g of oil was chromatographed on 30 g of silica
gel and eluted with hexane—ethyl acetate (3:1) to obtain
0.709 g of oil still containing one trace impurity. A second
chromatogram on 30 g of silica gel, eluting with hexane-
CHCl; (2:1), resolved the mixture and yielded fractions
containing only one spot on TLC, R, 0.25 (THF-ethyl
acetate—hexane, 2:13:35). Concentratlon of these fractions
at 25 °C (0.1 torr) provided 0.658 g (50%) of 7a as an
amber oil: IR (neat) 3445 (m, N—H), 3360 (s, N—H), 1620
(vs, C=0), 1285 (s, C—N) cm™; 'H NMR (CDCl;) é 1.6
(m, 8 H, ring CH,), 3.4 (m, 6 H, CH,N and NH,), 4.02 (s,
2 H, CH,S), 6.51 (d, J = 8.1 Hz, 2 H, aromatic), 7.04 (d,
J = 8.1 Hz, 2 H, aromatic); MS (70 eV) m/z (relative
intensity) 266 (2, M + 2), 265 (5, M + 1), 264 (30, M*), 158
(5, M - CH206H4NH2), 138 (3, SCHzCGHsNHZ)’ 126 (8, M
- SCH,CgH,NH,), 106 (100, CH,CcH,NH,), 98 (7, CsHoN).

S-2-(p-Nitrophenyl)ethyl Thioacetate (4). To an ice-
cooled solution of 23.9 g (91.2 mmol) of triphenylphosphine
in 300 mL of THF was added dropwise over 40 min a
solution of 18.8 mL (92.6 mmol) of 97% diisopropyl azo-
dicarboxylate in 30 mL of THF. Stirring was continued
for 100 min. Then, a mixture of 7.6 g (45 mmol) of 4-
nitrophenethyl alcohol and 6.9 mL (91 mmol) of thioacetic
acid in 100 mL of THF was added dropwise to this sus-
pension with stirring and ice-cooling over 70 min. Stirring
was continued at 0 °C for 1 h, and then the mixture re-
mained overnight at room temperature. After removal of
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THF at reduced pressure, the residue was extracted 8X
with 50-mL portions of hexane. The combined extract on
cooling provided 10.8 g of crude solid 4. Recrystallization
from hexane gave 7.6 g (75%) of 4 sufficiently pure for
subsequent synthesis: TLC R; 0.32 (hexane—ethyl acetate,
4:1); 'TH NMR (CDCl,) 6 2.33 (s, 3 H, CH3CO), 3.1 (br m,
4 H, CH,), 7.36 (d, J = 8.5 Hz, 2 H, aromatic), 8.14 (d, J
= 8.5 Hz, 2 H, aromatic).

2-(p-Nitrophenylethanethiol (5b). To 3.6 g (16 mmo})
of thioester 4 in 25 mL of methanol was added dropwise
with stirring 256 mL of 1 M NaOH solution under a stream
of N, at room temperature for 30 min. Stirring was con-
tinued for 20 min. After removal of methanol at 35 °C,
the residue was extracted four times with 35-mL portions
of ethyl acetate, and the combined extract was dried
(Na,S0,) and concentrated. The resulting solid was ex-
tracted with six 30-mL portions of hot hexane, and after
cooling, the organic phase was pooled and concentrated
to obtain 1.0 g (34%) of crude thiol 5b: TLC R; 0.36
(hexane—ethyl acetate, 4:1); 'H NMR (CDCly) 6 1.38 (t, J
= 7.0 Hz, 1 H, SH), 2.9 (m, 4 H, CH,), 7.33 (d, J = 9.0 Hz,
2 H, aromatic), 8.13 (d, J = 9.0 Hz, 2 H, aromatic).

S-2-(p-Nitrophenyl)ethyl Hexahydroazepine-1-carbo-
thioate (6b). A mixture of 1.6 g (8.7 mmol) of thiol 5b,
1.8 g (8.2 mmol) of 2, and 2.7 g (27 mmol) of triethylamine
in 50 mL of ethanol was stirred at room temperature for
3 h and allowed to stand overnight at room temperature.
After removal of ethanol, the residue was dissolved in ethyl
acetate, washed with two 25-mL portions of 1 M NaOH
solution followed by 1 M HC], dried (Na,SO,), and con-
centrated. The syrup was dissolved in 75 mL of hot
hexane, filtered to remove insoluble material, and con-
centrated. The residue was chromatographed on silica gel
with hexane-ethyl acetate (4:1) as eluant to obtain 0.96
g (38%) of carbothioate 6b: TLC R; 0.22 (hexane-ethyl
acetate, 4:1); 'H NMR (CDCl,) 5 1.6 ({n' m, 8 H, ring CH,),
3.1 (m, 4 H, CH,), 3.5 (br m, 4 H, CH,N), 7.35 (d, J = 9.0
Hz, 2 H, aromatic), 8.11 (d, J = 9.0 Hz, 2 H, aromatic).

S-2-(p-Aminophenyl)ethyl Hexahydroazepine-1-
carbothioate (7b). A mixture of 738 mg (2.3. mmol) of
carbothioate 6b, 1.37 g (2.39 mmol) of dodecacarbonyl-
triiron (95%, containing 5~10% methanol), and 0.89 mL
of methanol in 25 mL of benzene was refluxed for 10 h.
After the mixture was filtered in vacuo and the residue was
washed with benzene, the combined filtrate and wash was
extracted three times with 30-mL portions of 1 M HCL
The combined acid solution was made strongly basic to
litmus with 3 M NaOH and extracted with three 50-mL
portions of ethyl acetate. The combined organic extract
was dried (Na,SO,) and concentrated to obtain 366 mg
(55%) of 7b. Carbothioate 7b was detected as a single spot
on TLC: R;0.05 (hexane-ethyl acetate, 4:1), 0.37 (benz-
ene—ethyl acetate, 1:1); IR (Nujol) 3460, 3365, 1640, 1610,
1520, 1480, 1400 cm™!; 'H NMR (CDCl,) 6 1.7 (br m, 8 H,
ring CH,), 2.8 (m, 2 H, CH,), 3.1 (m, 2 H, CH,), 3.3 (br s,
2 H, NH,, disappears on addition of D,0), 3.5 (br m, 4 H,
CH,N), 6.58 (d, J = 8.5 Hz, 2 H, aromatic), 7.00 (d, J =
8.5 Hz, 2 H, aromatic); MS (70 eV) m/z (relative intensity)
278 (0.3, M*), 150 (1, SCH,CH,C;H,NH,), 120 (9,
CH,CH,C¢,H,NH,), 119 (100, CH,—CHC:H,NH,), 106 (16,
CH206H4NH2); HRMS for Cl5H22Nzos, caled m/z
278.1453, found 278.1457.

Preparation of Hapten-Protein Conjugates. Moli-
nate haptens 3a and 3b were conjugated to proteins by the
mixed-anhydride method using isobutyl chloroformate
(Wie and Hammock, 1982, 1984). Haptens 7a and 7b were
conjugated to proteins by a diazotization method (Nisonoff,
1967) with an average loading of 333 mol of hapten/mol
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of protein. Proteins used were bovine serum albumin
(BSA), keyhole limpet hemocyanin (KLH), conalbumin
(CONA), ovalbumin (OA), thyroglobulin (THY), and fi-
brinogen (FIB). An estimate of the protein concentration
was made by the Lowry protein assay (Lowry et al., 1951).

Immunization of Rabbits. Female New Zealand white
rabbits (2-4 kg) each received 100 ug (protein equivalents)
of a hapten—protein conjugate in 0.1 M potassium phos-
phate buffer (pH 7.4) mixed 1:1 with Freund’s complete
adjuvant intradermally in 5-10 spots on the back 3 days
in a row. After 4 weeks each animal was boosted with an
additional 100 ug and serum collected after 10 days. Blood
was collected from the ear vein into tubes and allowed to
clot. The clot was reamed and the blood centrifuged at
800g for 10 min. Serum was carefully drawn off by pipet
and NaN, added in a final concentration of 0.02%. The
serum was then aliquoted and stored at —20 °C. Subse-
quent boosting was done from at least 3 days from the last
bleed. At least two animals each were immunized with
either compound 3a coupled to KLH (3a-KLH) or 7b
coupled to THY (7b-THY).

Direct Sandwich ELISA. Ninety-six-well titer plates
(Nune, Vangard International) were coated with appro-
priate coating antigen at 2 ug/mL in 0.5 M carbonate
buffer at pH 9.8 at 0.2 mL /well and incubated in a moist
environment at 4 °C overnight. On the same day that
plates were coated, standards or samples were prepared
by incubating molinate (1-2000 ng/mL) or the sample with
antisera diluted 1/5000 with phosphate-buffered saline
containing 0.05% Tween 20 and 0.02% NaN,; (PBS-
Tween) overnight at room temperature. The following day,
the plates were washed with PBS—Tween three times. The
samples and standards were added to the wells at 0.2
mL/well. After a 2-h incubation at room temperature, the
plates were again washed three times and goat anti-rabbit
IgG conjugated to alkaline phosphatase (Miles) diluted
1/2500 with PBS-Tween was added to each well and in-
cubated for 2 h at room temperature. After a further three
washings, 0.2 mL of a 1 mg/mL solution of p-nitrophenyl
phosphate in 10% diethanolamine buffer was added and
incubated at room temperature for 15-30 min and read
in a plate reader (Titertek Multiskan, Flow Laboratories)
at 405 nm.

The plate reader was interfaced (RS 232C) with an IBM
personal computer (Figure 2, top), and data were collected
with the PC-EIA program (Dorian Software Co., Wheaton,
MA). The absorbance values and other relevant infor-
mation collected by the PC-EIA program were stored in data
files on floppy disks (Figure 2, top). An intermediate-step
program called TRANSFER.BAS, between PC-EIA and LOTUS
1-2-8, was written. (The program and documentation are
given in the supplementary material.) TRANSFER.BAS used
data from the files created by Pc-EIa, rearranged the data
in a user-specified manner (Figure 2, bottom), and saved
the data in a file. When the LOTUS 1-2-3 program was run,
this file was loaded and made into a normal LOTUS work-
sheet file by using the /FILE IMPORT command. The
spreadsheet program, LOTUS 1-2-3, was then used to display
the absorbance values into an easily reviewed form, to
perform simple calculations on the values, and to graph
the results. .

Preparation of the Standard Curves, Molinate (1
mg/mL in acetonitrile) was added to tubes containing
PBS-Tween to give a concentration of 4000 ng/mL. This
stock was serially diluted to 2 ng/mL. Antisera diluted
1/2500 in PBS-Tween were added to each tube so that
the final concentration of antisera was 1/5000. The final
concentration of standards then was 12000 ng/mlL.
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Table I. Some Representative Antibody Activities

absorbance (405 nm)®

rabbit 245, rabbit 717,
coating antigen 3a-KLH 7b~-THY
3a-KLH 0.806 1.134
3a-BSA 0.157 0.311
3a-0A 0.179 0.276
3a-CONA 0.509 1.196
3a-THY 0.541 1.241
3a-FIB 0.536 0.552
7b-BSA 0.158 0.592
7b-0OA 0.100 0.497
7b-CONA 0.375 0.913
7b-THY 0.153 0.642
7b-FIB 0.132 0.543

9 Absorbances were measured in a checkerboard pattern with
several coating antigen concentrations and several antibody dilu-
tions. For simplicity only data from a coating antigen concentra-
tion of 2 ug/mL and an antibody dilution of 1/2000 are shown.
The antibody was from the bleed after the third boost. Absor-
bance was measured after a 60-min incubation with substrate.

IR (film) 1640, 1610, 1590, 1500, 1470, 1455, 1405 cm™; 'H
NMR (CDClL,) 6 1.6 (m, 8 H, ring CH,), 3.5 (m, 4 H, CH,N),
4.12 (s, 2 H, CH,), 7.3 (m, 5 H, aromatic). Compound 9:
IR (film) 1760, 1645, 1610, 1590, 1500, 1455 cm™'; 'H NMR
(CDCly) 6 4.20 (s, 2 H, CHy), 7.28 (s, 5 H, aromatic).
Compound 10: IR (film) 1755, 1605, 1590, 1500, 1455 cm™;
IH NMR (CDCl,) 6 4.12 (s, 4 H, CH,), 7.30 (s, 10 H, aro-
matic). Since acid chloride formation was undesirable,
haptens 3a, 3b, 6a, and 6b were prepared by reaction of
molinate sulfone and the corresponding thiol (method C)
in the presence of triethylamine (Figure 1; DeBaun et al.,
1978).

Molinate sulfone (2) was prepared by m-chloroperoxy-
benzoic acid oxidation of molinate (1). p-Nitrobenzyl
mercaptan (5a) was prepared from the bromide and
thiourea, the isothiouronium salt being decomposed in
ammonia. 2-{p-Nitrophenyl)ethanethiol (5b) was obtained
in low yield by alkaline hydrolysis of 2-(p-nitrophenyl)ethyl
thioacetate (4), which was prepared from p-nitrophenethyl
alcohol by slight modification in a Mitsunobu procedure
described by Volante (Volante, 1981; Prestwich et al.,
1984). Thiocarbamates 7a and 7b were prepared from the
respective thiocarbamates 6a and 6b by reduction of
nitroaryls by dodecacarbonyltriiron-methanol (Landesberg
et al., 1971). Thiocarbamates 3a, 3b and 7a, 7b appeared
highly pure when analyzed by TLC in several systems, and
their structures were confirmed by IR, 'H NMR, MS, and
HRMS.

ELISA Development. Using a checkerboard titration,
the coating antigens were each tested against the serum
collected. Absorbances of representative sera are shown
in Table I. An antisera is a collection of antibodies with
varying specificities and affinities. Antibodies of interest
were selected through the choice of coating antigen and
must have bound more readily to the analyte than the
coating antigen. A coating antigen, then, will not usually
contain the same protein or coupling linkage as was used
for the immunizing antigen. This concept is exemplified
in Table I where antiserum from the rabbit immunized
with the hapten coupled to KLH showed high absorbances
against the coating antigen containing KLH as the carrier
protein. Additionally when the same hapten was used for
immunization (3a—KLH) as for coating (3a—CONA), the
absorbances were higher (0.509) than if a different hapten
was used to coat (7Th-CONA, 0.375). In those cases where
the absorbances were high when a different protein and
a different hapten were used to coat compared to that used
for immunization, specificity for molinate was indicated.
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Figure 4. Standard curve for molinate. Each point represents
the mean = SD for three separate experiments run in quadru-
plicate. The linear range extends from 15 to 500 ng/mL, and the
limit of detectability is 3 ng/mL. Plates were coated with 2 ng/mL
7b-CONA. First antibody was diluted 1/5000 from rabbit 245
immunized with 3a-KLH and bled on 6/11/85. The curve rep-
resented is a point to point connection. For actual calculation
using this data, a curve-fitting program was used.

Haptens coupled to BSA or OA were not used as coating
antigens as the resulting assays commonly showed low
absorbance values. Assays utilizing haptens coupled to
CONA, THY, or FIB had routinely higher absorbance
values. Table I also points out that there were exceptions
for each of the stated examples. Individual responses can
vary, and so immunization of several rabbits for each im-
munizing antigen was warranted.

The combinations with specificity for molinate were
further tested in the competition assay to generate a
standard curve for molinate for an assessment of sensi-
tivity. Those combinations then showing a good standard
curve with linearity over a broad range and reproducibility
were optimized for coating antigen concentration and an-
tibody dilution. The standard curve shown in Figure 4 was
made with 7b~CONA as the coating antigen (2 ug/mL)
and a 1/5000 dilution of serum from rabbit 245 immunized
with 3a~KLH and bled on 6/11/85. These conditions were
used for all further experiments reported here.

Integration of the ELISA with the Classical
Analysis Method. The classical method for the analysis
of molinate from environmental matrices involves ex-
traction with toluene or dichloromethane—ether, concen-
tration, and analysis by gas chromatography [referenced
in Seiber et al. (1986)]. Use of ELISA as another analytical
technique for measuring molinate in these same sample
extracts is not possible without modification since organic
solvents can disrupt the antigen—antibody reaction.
However, some organic cosolvent may be necessary to
maintain the solubility of the analyte in aqueous solution
under experimental conditions for ELISA. Polar, water-
miscible solvents such as propylene glycol, acetonitrile, or
dimethyl sulfoxide are frequently used in this capacity in
immunoassay. In order to integrate the use of ELISA into
the classical analysis method, we needed to find an ex-
traction solvent with higher volatility than toluene to
determine recoveries after a solvent exchange of this ex-
traction solvent with a more ELISA-compatible solvent
such as propylene glycol or acetonitrile and to test the
effect of the ELISA-compatible solvents on this particular
assay.

Table II shows that dichloromethane alone was the best
extraction solvent of those tried under these extraction
conditions. Spiked field water samples at three concen-
trations (25, 100, 500 ppb) extracted with dichloromethane
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Table I1. Recovery of Molinate from Water after
Extraction by Several Solvents and Solvent Exchange into
Propylene Glycol

solvent % recovery by LSC®
toluene 89.6 £ 1.3
hexane 787+ 14
dichloromethane 95.1 £ 0.9
ethyl acetate 90.5 £ 3.4
petroleum ether 87.7 + 4.7
pentane—dichloromethane (0.5:9.5) 94.7 £ 0.1
pentane—dichloromethane (1:9) 928 £ 1.3
hexane—ethyl acetate (9.5:0.5) 80.8 +£ 04
hexane—ethyl acetate (9:1) 80.7 £ 24
hexane-ethyl acetate (8:2) 84.2 + 3.1
hexane-ethyl acetate (7:3) 88.2 £ 5.0

@ Water samples spiked with [**C]molinate (1 mL of 320 ng/mL
and 40000 dpm/mL) were extracted three times with equal vol-
umes of solvent or solvent mixture. Pooled organic phases were
evaporated onto a bed of propylene glycol (25 uL.) and the propyl-
ene glycol was counted. Data are the mean +SD for n = 3 repli-
cates.
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Figure 5. Effect of propylene glycol (A) or acetonitrile (B) on
the molinate standard curve. Experimental conditions are the
same as in the legend for Figure 4. A: no propylene glycol (O);
5% (0); 12.5% (A); 25% (m) propylene glycol added. B: no
acetonitrile (O0); 5% (0O); 12.5% (A); 25% (M) acetonitrile added.
Values are the mean + SD of three replicates.

followed by exchange of this solvent with propylene glycol
gave recoveries of 100, 95, and 107 %, respectively.

Figure 5 shows the effect of propylene glycol and ace-
tonitrile on the molinate standard curve. Propylene glycol
at 5% did not appreciably affect the standard curve. At
12.5% and greater the sensitivity was significantly de-
creased (Student’s ¢-test, p < 0.05). Acetonitrile, however,
had no effect at 12.5%. Surprisingly, 5% acetonitrile
actually increased the absorbances in the assay, a phe-
nomenon previously observed with some but not all im-
munoassays in this laboratory.

IC;, for Several Thiocarbamates. To characterize the
specificity of the assay, several thiocarbamates and other
pesticides were tested in the ELISA system. The molar
concentration of compound required to produce 50% in-
hibition was determined for each compound. Table III
gives the IC;;s for these compounds. Hapten 3a was used
to raise the antibody used here; hence, the percent
cross-reactivity was greater than molinate for 3a and its
close structural analogue 3b. Other closely related com-
pounds, haptens 7a, 7b and molinate sulfone (2), had a
significant amount of cross-reactivity. This assay system

Gee et al.

did not detect the hexamethylenimine ring alone (no in-
hibition at 5 X 10¢ M).

Other thiocarbamates cross-reacted 1% or less. All
thiocarbamates giving a measurable 1C;; had curves par-
allel to the one for molinate, indicating cross-reactivity
rather than interference. Thiobencarb, also a thio-
carbamate herbicide used in rice fields, did not cross-react
as 5 X 107* M (the solubility limit of this compound in the
assay). Other pesticides commonly used in rice fields
(methyl parathion and carbaryl) were not detected by this
assay at concentrations up to 5 X 107 M.

Limit of Detectability and Precision of Assay. We
defined two assay limits. One was a practical limit of
quantitation, that is the lowest concentration observed on
the linear portion of the standard curve. The second is
the more classically defined limit of detection, that is the
lowest concentration that can be detected as two times over
background. The assay had a practical limit of detecta-
bility in buffer of 15 ng/mL. The classical limit of de-
tectability was determined to be 3 ng/mL. From the
standard curve shown in Figure 4 it can be seen that 3
ng/mL would not be on the linear portion of the standard
curve so absorbances derived from samples containing this
low a concentration would not be accurately quantitated
without further concentration of the sample, preparation
of very detailed standard curves, or use of mathematical
systems to extend the linear portion of the standard curve.

We also determined whether the matrix of interest,
water, interfered with the molinate ELISA assay. Stand-
ard curves run in distilled, creek, or rice field water were
parallel to that run in PBS but were shifted to the right,
giving higher limits of quantitation. When the salt and
Tween 20 concentrations of these field water samples were
normalized by addition of 10X concentrated PBS-Tween,
the curves were indistinguishable from that of the stand-
ard. All samples were subsequently buffered by the ad-
dition of 10X concentrated PBS-Tween.

To assess within run variability, nine field-collected
samples were each run in quadruplicate on the same day.
The mean percent coefficient of variance (CV) for the
sample concentrations was 7.8%. Three of these nine
samples were run in quadruplicate on four separate days.
The average percent CV for the sample concentrations was
9.4%. The percent CV for absorbance values between
wells for any given sample or standard was less than 4%.
Absorbances greater than 2 times the standard deviation
of the four replicates were rejected.

Laboratory Half-Life Study. The results of the lab-
oratory half-life study are shown in Table IV. The half-life
values determined by LSC and ELISA for rice field water
were 2.6 = 0.32 and 2.2 £+ 0.12 days, respectively. These
values are within range of the 2.5-10-day half-life values
reported following field application of molinate (Crosby,
1983; Cornacchia et al., 1984; Ross and Sava, 1986). A
paired ¢ statistic showed the data to be correlated with the
t statistic lying between 0.05 < p < 0.02.

DISCUSSION

The synthetic procedures used for the haptens inves-
tigated were straightforward. Initial synthetic attempts
utilizing TCMF as in Figure 3 were more cumbersome and
provided low yields of thiocarbamate 8. Thus, the re-
placement reactions (Figure 1) were used. These utilized
less hazardous starting materials and provided products
in reasonable yields and high purities. Once a sulfone
intermediate such as 2 is prepared from a readily available
thiocarbamate pesticide, a multitude of haptens with de-
sirable functional groups for attachment to proteins can
be prepared.
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Table II1. Inhibition of the Molinate ELISA by Some Thiocarbamates and Related Compounds®

% inhibn at

compound structure I, M X 107 % cross-reactivity 5 % 107 M?
molinate (Ordram) ﬂ 5.21 * 3.80 100
CNCSCHQCH:-}
3a ﬁ 3.85 & 2.42 135
CNCSCHECHECDOH
3b 9 1.64 £ 0.20 318
Omsc'ﬁgmg CHo CHp CHp COOH
molinate sulfone ﬂ? 35.8 + 34.7 15
CNCSCHECH 3
S
0
7a H 18.8 = 1.40 28
CNCSCHQ NH 2
7b 9 14.9 (13.1, 8.4)° a5
CNCSCHg CH g@ NH2
hexamethylenimine CNH 0 11.8 (0, 23.7)
i 0
thiobencarb (Bolero) CH3CHz — 0 29.9 + 8.8
NCSCHEO c1
CH3CH o~
butylate (Sutan) CH3~ 0 289 + 5.1
CHCHp O
CHs N o
o  Nescha CHa
CHCHp
CHy™
EPTC (Eptam) CH3CHpCHp O 491 & 113 1.1
NN
NCSCHoCH3
Ve
CH3CHpCHp
cycloate (Roneet) 8 697 + 146 0.8
@NCSCHECH3
1
CHoCH3
pebulate (Tillam) CH3CHp E 381 + 232 1.4
~N
NCSCH 5 CHaCH3
CH3CHp CHaCHp
vernolate (Vernam) 539 £ 192 1.0

CH3CH2CH2 0
NCSCHo CHp CH3

e
CH3CHa CHp

¢ Polystyrene 96-well microtiter plates were coated with 2 ug/mL 7b~CONA. A 1/5000 dilution of serum from rabbit 245 was incubated
with several concentrations of the compounds listed. Molar I, values were calculated using Finney’s probit analysis. All data are the mean
=+ SD of three experiments unless otherwise noted. A number of other compounds tested (chemical intermediates and pesticides used in rice
culture) gave no inhibition at the highest concentration tested (5 X 10~ M). ®Highest concentration tested for all compounds. ¢Mean of two

experiments, individual values in parentheses.

This paper demonstrates that ELISAs can be used in
conjunction with classical techniques for pesticide residue
analysis. The limit of detectability of 3 ng/mL is com-
parable to that obtained by other investigators using
ELISA for pesticide quantitation (Van Emon et al., 1986;
Wie and Hammock, 1984; Schwalbe et al., 1984; Warner
et al., 1986; Huber and Hock, 1985). The assay is specific
for molinate over other thiocarbamate herbicides and some
other herbicides and insecticides; however, there is some
cross-reactivity with molinate sulfone. With spiked sam-
ples the ELISA appears precise, simple, and fast. The
within-run and between-run variability was less than 10%.

When samples contain ppm levels of molinate, analyses

can be conducted without prior extraction or cleanup so
that many samples can be analyzed simultaneously. The
methodology involving extraction and solvent exchange for
samples containing low ppb levels of molinate allows mo-
linate to be presented to the antibody in an acceptable
form. This concept of solvent exchange should be widely
applicable as immunoassays for other lipophilic materials
are integrated into classical cleanup systems.

ABBREVIATIONS USED

BSA, bovine serum albumin; CONA, conalbumin;
ELISA, enzyme-linked immunosorbent assay; FIB, fibri-
nogen; HRMS, high-resolution mass spectrum; ICs,, the
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Table IV. Comparison of ELISA and LSC Methods for
Measuring Molinate (ppm) in Water: Laboratory Half-Life
Study®

day ELISA 1LSC day ELISA 1LSC
0 1.34 1.71 2.0 1.7 1.07
0.04 1.28 1.80 2.5 1.21 1.20
0.17 2.82 1.82 3.0 1.1 1.0
0.33 2.2 1.69 3.5 1.18 0.51
0.5 2.19 1.85 4.0 1.05 0.81
1.0 1.85 1.35 4.5 0.64 0.86
1.5 1.95 1.41

9Rice field water was spiked with [**C]molinate and enough un-
labeled molinate to yield 2000 ng/mL and about 2000 cpm/mL.
Beakers were placed in the sun without aeration, and 1 mL was
sampled at each time point. Each value is the mean £ SD of three
sample determinations.

concentration inhibiting 50% of an ELISA absorbance
value; IR, infrared spectrometry; KLH, keyhole limpet
hemocyanin; LSC, liquid scintillation counting; MS, low-
resolution mass spectrum; 'H NMR, nuclear magnetic
resonance; OA, ovalbumin; PBS, phosphate-buffered sa-
line; TCMF, trichloromethyl chloroformate; THF, tetra-
hydrofuran; THY, thyroglobulin; TLC, thin-layer chro-
matography.

Registry No. 1, 2212-67-1; 2, 54404-54-5; 3a, 114583-21-0; 3b,
114583-22-1; 4, 114583-24-3; 5a, 26798-33-4; 5b, 100949-14-2; 6a,
81712-33-6; 6b, 114583-25-4; 7Ta, 114583-23-2; 7b, 114583-26-5;
EPTC, 759-94-4; hexamethylenimine, 111-49-9; thiobencarb,
28249-77-6; butylate, 2008-41-5; cycloate, 1134-23-2; pebulate,
1114-71-2; vernolate, 1929-77-7; m-chloroperoxybenzoic acid,
937-14-4; 3-mercaptopropionic acid, 107-96-0; 6-mercaptohexanoic
acid, 17689-17-7; 6-bromohexanoic acid, 4224-70-8; p-nitrobenzyl
bromide, 100-11-8; thiourea, 62-56-6; dodecacarbonyltriiron,
17685-52-8; diisopropyl azodicarboxylate, 2446-83-5; 4-nitro-
phenethyl alcohol, 100-27-6.

Supplementary Material Available: Program and docu-
mentation for TRANSFER.BAS written in BASIC using data from
the files created by pC-E1A (Dorian Software) and rearranging the
data in a user-specified manner for import into LOTUS 1-2-3 (Lotus
Development Corp.) (17 pages). Ordering information is given
on any current masthead page.
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